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Coral bleaching
Miljømæssige indflydelser på de cellulære mekanismer  
i holobionten, der fører til coral bleaching
Forord
Fra tid til anden, er den helt store nyhed, at verdenens koralrev dør som følge af såkaldt coral bleaching. Eftersom 
ingen af os på forhånd havde nogen nævneværdig viden om coral bleaching og de processer der ligger bag, beslut-
tede vi at arbejde videre med dette som emne i vores 4. semesterprojekt.
Under konkretiseringen og indsnævringen af emnet blev det klart, at den litteratur der findes omhandlende coral 
bleaching, ofte fokuserer på konkrete koralrev eller specifikke koralarter og tager derfor kun udgangspunkt i de 
specifikke problemstillinger der knytter sig til disse. Denne fremgangsmåde gør det svært for en udenforstående, 
at danne sig et overblik over hvilke cellulære processer der fører til coral bleaching. Vi har derfor i dette semester 
valgt at kaste os over en formidlingsform, som er helt ny for os, nemlig et review. Dette har vi valgt at gøre, da 
et sådant er en måde hvorpå der kan dannes et ”godt overblik”. Ydermere har vi valgt at skrive, vores review, på 
engelsk for på den måde at appellere bredere.
Abstrakt
Dette review gennemgår de forskellige cellulære mekanismer og miljømæssige stressfaktorer der fører til coral 
bleaching og konsekvenserne af disse mekanismer diskuteres. Coral bleaching er defineret ved, at koraller skiller 
sig af med deres symbiotiske zooxantheller. Forskellige miljøfaktorer, som f.eks. øget havtemperatur, øget solind-
stråling, ændringer i saliniteten af vandet, samt øgede mængder af CO2 i atmosfæren medfører skader i forskellige 
dele af zooxanthellernes fotosyntetiske apparat og medfører derved coral bleaching. Reaktive oxygen radikaler 
(ROS) dannes i både korallen og zooxanthellerne, hvilket øger de skader, der i forvejen er sket i begge organismer 
under coral bleaching. Coral bleaching medfører også dannelsen af toksiske nitrit oxid synthaser (NOS), hvilket 
kan forøge dannelsen af ROS. Andre cellulære mekanismer, der katalyserer coral bleaching, er programmeret 
celledød (PCD) og nekrose. 
Zooxanthellerne findes i otte forskellige klader, der hver især er følsomme overfor forskellige miljømæssige stress-
faktorer og signifikansen af dette gennemgås ligeledes. Korallernes evne til at håndtere miljøfaktorerne afhænger 
af hvilke klader af zooxantheller de danner symbiose med og dette kan muligvis få konsekvenser for diversiteten 
i koralrevene.$
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Introduction 
Coral reefs are among the most important ecosystems 
on the planet due to their biological diversity [Kerr, 
1971; Smith et al., 2005; Hoegh-Guldberg et al., 
2007]. Coral reefs create crucial habitats for many of 
the oceans’ inhabitants and are of great importance 
for maritime tropical countries [Hughes et al., 2003; 
Hoegh-Guldberg et al., 2007]. It is therefore a disturb-
ing fact that the phenomenon coral bleaching has been 
observed during a couple of decades on enormous ar-
eas of coral reefs all over the world e.g. in the Pacific, 
Caribbean and Indian Oceans [Glynn, 1991; Brown, 
1997]. Coral bleaching is defined by loss of symbiotic 
algae and/or algal pigments, thus making the corals ap-
pear pale [Glynn, 1991; Brown, 1997; Fitt et al., 2001]. 
Environmental stressors
Coral bleaching is a consequence of a number of dif-
ferent environmental stressors, which are getting more 
and more evident due to the global climate changes 
[Mydlarz et al,. 2010]. For instance a rise in sea temper-
atures of only 1-2°C can induce a widespread bleaching 
event [Hoegh-Guldberg et al., 2007].
Along with elevated sea temperatures increased irradi-
ance is also known to cause severe bleaching [Brown, 
1997; Lesser and Farrell, 2004]. Other environmental 
stressors inducing coral bleaching are changes in salin-
ity concentrations of the oceans and increasing con-
centration of CO2 in the atmosphere leading to acidi-
fication of the oceans [Brown, 1997; Hoegh-Guldberg 
et al., 2007]. 
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Abstract
This review scrutinises the different cellular mechanisms and environmen-
tal stressors that lead to coral bleaching and discuss the numerous effects of 
these. Coral bleaching is characterized by corals losing their symbiotic zoox-
anthellae. Different environmental stressors, e.g. elevated sea temperatures, ir-
radiance, changing salinity and increasing atmospheric CO2 induce damage 
in multiple sites of the photosynthetic apparatus of the zooxanthellae, leading 
to bleaching. Reactive oxygen species (ROS) are formed in both coral and its 
symbiotic zooxanthellae, which can exacerbate the damage within both or-
ganisms. Formation of toxic nitric oxide synthase (NOS) also induces bleach-
ing and can enhance the formation of ROS further. Other cellular events 
leading to coral bleaching are programmed cell death (PCD) and necrosis. 
Furthermore, the fact that zooxanthellae are found in eight different clades that 
are susceptible to different environmental stressors is expounded. The corals abil-
ity to cope with these stressors is dependent on the associated clade and this may 
have an impact on future coral reef diversity. 
Abbreviations
3-PGA, 3-phosphoglycerate; AIF, 
apoptosis inducing factor, APX, 
ascorbate peroxidase; CAT, cata-
lase; DCMU, dichlorophenyld-
imethylurea; iNOS, inducible nitric 
oxide synthase; NF-KB, nuclear 
factor-kappaB; NiR, nitrite reduct-
ase enzymes; NO, nitric oxide; 
NOS, nitric oxide synthase; NR, 
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thetically active radiation; PCD, 
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tosystem I; PSII, photosystem II; 
RNOS, reactive nitrogen oxide 
species; ROS, reactive oxygen syn-
thase; RUBISCO, ribulose-1,5-bi-
sphosphate carboxylase/oxygenase; 
SOD, superoxide dismutase
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The physiology of corals
Corals belong to the animal phylum Cnidaria, that 
among others also includes sea anemones and they 
both belong to the class Anthozoa. Corals have two 
body layers with epidermis and gastrodermis divided 
from each other by a jelly-layer, the mesogloea. This 
gives them three body layers, but only two seed leafs, 
making corals diploblastic. Reef building corals (her-
matypic), which are the focus of this review, live in 
symbioses with algae of the genus Symbiodinium 
called zooxanthellae. Symbiodinium belongs to the 
phylum dinoflagellates. Zooxanthellae live endoder-
mic in the coral tissue, specifically in the gastrodermic 
layer. Zooxanthellae living in symbiosis with corals are 
phototrophic unicellular protists and are found in at 
least eight different clades [Rowan et al.,  1997; Stat et 
al., 2006].
The symbiosis
The symbiosis between corals and zooxanthellae is 
facultative, hence both coral and zooxanthellae can live 
separated from each other, although this results in a 
much lower fitness for the organisms. When the coral 
and the zooxanthellae occur in a symbiosis they are 
referred to as a holobiont. The holobiont relation is mu-
tualistic; however, the coral takes up as much as 95% 
of the products generated by zooxanthellae through 
photosynthesis [Stat et al., 2006]. The zooxanthellae 
benefit from the symbiosis by getting a safe environ-
ment within the coral and a larger but also more avail-
able supply of nutrients than otherwise. The zooxan-
thellae conduct photosynthesis, using the inorganic 
products CO2, NH3 and PO4
3- provided by the host 
and in return supply the coral with organic compounds 
e.g. glycerol, glucose, amino acids and lipids, which the 
coral uses for growth and reproduction [Sheppard et 
al., 2009].  
The overall aim for this review is to discuss the cel-
lular events triggered by different environmental stres-
sors which coral reefs are exposed to.  Furthermore, we 
will describe how these cellular events ultimately lead 
to coral bleaching and thereby present an overview of 
the known mechanisms leading directly or indirectly 
to coral bleaching.  
Necrosis and PCD
Cell death and degradation of zooxanthellae is as-
sumed being an important pathway for loss of sym-
bionts during bleaching events [Le Tissier and Brown, 
1996; Dunn et al., 2004]. There are two types of cell 
death – necrosis and programmed cell death (PCD). 
These two types of cell death differ morphologically 
and biochemically but can occur simultaneously in cell 
cultures exposed to the same kind of stressors [Leist et 
al., 1997]. 
Necrosis is often caused by external factors e.g. chang-
es in environmental conditions and physical damage. 
Necrosis is reported in both zooxanthellae and corals 
as cell swelling as well as expansion of the cytoplasm 
and organelles. Additionally, it is seen as DNA frag-
mentation in zooxanthellae and cellular degradation in 
the coral tissue [Dunn et al, 2002]. PCD is triggered 
by intracellular signals and is indicated by cell shrink-
age, condensation of the cytoplasm and organelles 
and also as DNA fragmentation. Both PCD and cell 
necrosis within the corals endodermic tissue result in 
the degradation of zooxanthellae and thereby lead to 
bleaching [Dunn et al., 2002]. 
PCD and necrosis share similar mechanisms with heat 
shock proteins [Takayama et al., 2003]. Heat shock 
proteins are produced when cells are exposed to dif-
ferent types of stressors, making them more tolerant 
to damage. Normally heat shock proteins attend sev-
eral functions within the cells e.g. regulation of pro-
tein degradation within specific pathways. In vivo 
studies have shown that heat shock proteins act as in-
hibitors of the pathways leading to PCD and necrosis 
[Takayama et al., 2003; Berghe et al., 2004; Dunn 
et al., 2004]. Cellular damage induced by oxidative 
stress is known to trigger PCD [Dunn et al., 2004]. 
PCD is considered as a central part of the stress re-
sponse during coral bleaching and it occurs when the 
repair mechanisms in the tissues of both the coral and 
its zooxanthellae get overwhelmed. A possibility is that 
PCD provides a mechanism for the coral, so that it 
can control the zooxanthellae population, remove the 
dysfunctional ones and thereby mitigate the damage 
they conduct [Dunn et al., 2002; Kültz, 2003]. Fur-
thermore, it is assumed that PCD is a mechanism by 
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which the dysfunctional symbionts initiate cell suicide 
in order to protect the host and promote survival of 
the specific zooxanthellae population [Huettenbren-
ner, 2003]. 
Dunn and colleagues (2004) showed that PCD and 
necrosis happen concurrently in both host and symbi-
onts during bleaching caused by heat stress. Further-
more, they showed that the ectodermic cells are less af-
fected by PCD than the endodermic cells [Dunn et al., 
2004]. This is probably due to the fact that zooxanthel-
lae live within the corals endodermic cells; hence these 
results clearly indicate that in most cases zooxanthellae 
undergo PCD during heat stress [Dunn et al., 2004].
The intracellular levels of ATP in the zooxanthellae de-
crease, hence the levels of phospholipids in the outer 
cell membrane increase [Kerr, 1971]. This causes an 
inadequate amount of available energy, which triggers 
the movement of the phospholipids from the outer to 
the inner plasma membrane [Strychar et al., 2004]. 
This induces an increase in the amount of phosphati-
dylserine expressed on the outer plasma membrane, 
which is thought to be an early indicator of PCD and 
is closely connected to the loss of ATP-generating proc-
esses in the zooxanthellae [Strychar et al., 2004; Lesser 
and Farrel, 2004; Eguchi et al., 1997].
The DNA of the zooxanthellae gets fragmented during 
heat stress, more specific because of high solar radia-
tion [Imlay and Linn, 1988]. The gene p 53 is a cell 
cycle gene which is activated after DNA damage. p 53 
initiates a line of genes, which cause the cell cycle to 
stop until the DNA damage is repaired. If the repair 
is not possible the p 53 gene initiates PCD or necrosis 
in both coral and zooxanthellae (Figure 3) [Lesser and 
Farrell, 2004]. This also explains the DNA fragmenta-
tion associated with PCD and necrosis.
The formation of ROS
The formation of reactive oxygen species (ROS) occurs 
within both cnidarian and zooxanthellae [Lesser, 1996; 
Nii and Muscatine, 1997; Richier et al., 2005]. Under 
normal conditions ROS are generated in zooxanthellae 
by photosystem II (PSII) and photosystem I (PSI). Due 
to high concentrations of oxygen produced by photo-
synthesis, holobionts experience a daily production of 
ROS [Richer et al., 2006; Lesser, 2006]. To maintain 
a steady state of low ROS concentration, antioxidant 
defences against elevated ROS production are found 
in both coral and zooxanthellae [Lesser, 1990; Lesser, 
2006; Merle et al., 2007], mainly in mitochondria and 
chloroplast [Dykens et al., 1992; Richier et al., 2005]. 
The enzymes superoxide dismutase (SOD), catalase 
(CAT) and ascorbate peroxidase (APX), the latter 
only present in the zooxanthellae [Lesser, 1990], act 
together to inactivate ROS e.g. superoxide (O2
-) and 
hydrogen peroxide (H2O2) and in that way avert pro-
duction of reactive hydroxyl radicals (OH·) [Fridovich, 
1986 (cited in Lesser, 1990); Lesser, 2006]. SOD and 
APX detoxify the generated ROS by converting it back 
to oxygen. When the zooxanthellae are exposed to heat 
stressors, large amounts of ROS are generated making 
their defence systems collapse thus making the conver-
sion of ROS impossible [Venn et al., 2008]. 
The explicit source of ROS in the symbiosis under stress 
conditions is still unknown [Nii & Muscatine, 1997], 
but the general notion is that exposure to elevated tem-
peratures, high levels of photosynthetically active ra-
diation (PAR) and exposure to UV radiation enhance 
the production of ROS in the holobiont [Lesser et al., 
1990; Lesser, 1996; Nii and Muscatine, 1997; Hoegh-
Guldberg, 1999; Merle et al., 2007]. Lesser (1996) has 
by an in vivo study shown that elevated temperatures 
increase the activity of ROS in zooxanthellae. More 
specifically the formation of H2O2 and O2
- are en-
hanced under oxidative stress and occurs with or with-
out exposure to UV. There is also evidence that ROS 
induce photoinhibition in the photosynthetic appara-
tus of zooxanthellae [Lesser, 2006].
The number of zooxanthellae per polyp in the coral 
decrease when temperatures increase [Lesser, 1990]. 
Experiments have shown that levels of SOD, CAT and 
APX increase after exposure to elevated temperatures, 
exposure to PAR or UV. This is substantiated by a 
combined in situ/in vivo experiment by Lesser and Far-
rell (2004) which showed that zooxanthellae increase 
their production of SOD when being exposed to heat 
stress and solar irradiance. These elevated antioxidant 
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activities may indirectly indicate an increased produc-
tion of ROS [Lesser, 1990; Halliwell and Gutterridge 
(1999), cited in Lesser and Farrell, 2004]. However, the 
increased amount of antioxidant enzymes is not able 
to reduce the simultaneous increase in ROS, when the 
holobiont is exposed to elevated temperature and UV 
[Lesser, 1996] resulting in damage to the photosyn-
thetic apparatus [Lesser and Farrell, 2004]. 
Other studies have shown different results regarding 
ROS production and its relation to either elevated tem-
peratures, exposure to UV and/or PAR or a combina-
tion. Furthermore, there is incongruence between the 
results, making it questionable whether it is the sym-
biont or the host that is primarily responsible for ROS 
production. Dykens and colleagues (1992) have provid-
ed evidence that production of OH·‚ and O2- is highly 
light-dependent. When produced in the holobiont this 
production can be averted when photosynthesis is in-
hibited e.g. by dichlorophenyldimethylurea, (DCMU) 
[Dykens et al., 1992]. However, upon illumination of 
the apozooxanthellate cnidarian Anthopleura elegan-
tissima OH· production was also confirmed, which 
led to the conclusion that this production was not 
photosynthesis-dependent but rather occurred via di-
rect photoexcitation. This confirms that ROS are pro-
duced in both symbiont and host upon illumination 
[Dykens et al., 1992]. Lesser and Farrell (2004) con-
firmed that both symbionts and host exhibit responses 
during exposure to enhanced ROS production. They 
concluded that heat stress combined with exposure to 
high irradiance caused damage to the photochemistry 
and carbon fixation in the zooxanthellae and that these 
stressors were responsible for DNA damage or PCD 
in the host tissue of symbiotic cnidarians [Lesser and 
Farrell, 2004]
Nii and Muscatine (1997) have shown by an in vivo 
study that ROS production occurs in both symbiotic 
and aposymbiotic cnidarians upon exposure to sub-
lethal heat stress. This ROS production was neither 
altered by light-exposure nor by inhibition of photo-
synthesis, suggesting that it is the effect of elevated 
temperature on host mitochondria that is responsible 
for the ROS production. This led to the suggestion that 
the presence of symbiotic zooxanthellae is not required 
for ROS production and that oxidative stress is prima-
rily an animal response [Nii and Muscatine, 1997].
Light scattering conducted by the  
holobiont
The fitness of a holobiont and thereby the overall coral 
reef is strongly connected with the efficiency by which 
they are able to collect solar energy [Enriquez et al., 
2005]. Corals possess the ability to conduct multiple 
scattering of solar radiation through their skeletons 
and thereby create an enhanced local light field by 
which they increase their total amount of light absorp-
tion, and hence the amount of irradiance. This ability 
makes the corals some of the most efficient solar energy 
collectors known [Enriquez et al., 2005]. However, the 
ability to conduct multiple scattering possesses a pos-
sible threat for the fitness of the holobiont. As a result 
of the enhanced absorption the corals are vulnerable 
when exposed to increased solar irradiance. Local in-
crease in solar radiation combined with a decreasing 
density of zooxanthellae can worsen the different de-
structive processes triggered by the stressful amount of 
solar radiation and thereby irradiance   [Enriquez et 
al., 2005]. 
Damage to the photosynthetic apparatus  
of the zooxanthellae
During periods of elevated temperature and high irra-
diance, the photosynthetic apparatus of the symbiotic 
zooxanthellae is especially vulnerable [Weis, 2008]. 
Damage to the different sites of the photosynthetic ap-
paratus can for example lead to formation of several 
toxic substances e.g. ROS and nitric oxide synthase 
(NOS) and dysfunctionality of vital cellular pathways. 
These events affect both zooxanthellae and coral, and 
can ultimately initiate bleaching [Tchernov et al., 
2004; Lesser, 2006; Weis, 2008]
Damage within the Calvin cycle
The rate of electron flow through the transport chain 
to the Calvin cycle gets limited [Jones et al., 1998] dur-
ing heat stress [Long et al., 1994; Murata et al., 2007]. 
Due to this limitation, the carbon fixation within the 
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Calvin cycle is disrupted, which ultimately leads to 
damage of PSII (Figure 1) [Jones et al., 1998; Taka-
hashi and Murata, 2008]. 
In vivo studies have shown that the enzyme Rubisco 
activase, the activator of ribulose-1,5-bisphosphate car-
boxylase/oxygenase (RUBISCO) in the Calvin cycle, 
is inactivated [Crafts-Brandner et al., 1997; Takahashi 
and Murata, 2008]. However the exact thermal stabil-
ity of the Calvin cycle enzymes of zooxanthellae is yet 
to be fully known. The discovery of an unstable type 
of RUBISCO in zooxanthellae is therefore of interest 
for the complete understanding of the thermal stabil-
ity of the Calvin cycle [Jones et al., 1998]. During an 
incident of heat stress the specificity of RUBISCO for 
CO2 is decreasing, which restrains the carboxylation 
[Brooks and Farquhar, 1985; Takahashi and Murata, 
2008].  As the carboxylation reaction of RUBISCO 
is suppressed, the photorespiratory pathway helps to 
uphold the photosynthetic fixation of CO2 by provid-
ing a substitute supply of 3-phosphoglycerate (3-PGA) 
through the oxygenation reaction of RUBISCO (Fig-
ure 1) [Wingler et al., 2000; Takahashi and Murata, 
2008]. Carboxylation and oxygenation are both cata-
lysed by RUBISCO [Takahashi and Murata, 2008]. 
The rate at which the carbon fixation proceeds depends 
upon the relative concentration of O2 and CO2, due to 
the fact that oxygenation contends with carboxylation. 
Therefore, it is interesting that the specificity for CO2 
in the more unstable form of RUBISCO is significant-
ly lower than the specificity for O2 [Jones et al., 1998; 
Jordan and Ogren, 1981]. 
Restrains of the photosynthetic fixation of CO2 reduc-
es the utilization of NADPH, consequently resulting 
in a decline in the level of NADP+ according to the 
fact that NADP+ is a key acceptor of electrons in PSI. 
Depletion of NADP+ limits the transport of electrons 
Figure 1: During heat stress several events occur within the Calvin cycle: (I) The electron transport chain to the Calvin cycle gets limited which leads to a 
disruption of the carbon fixation [Jones et al., 1998]. (II) The specificity of RUBISCO for CO2 decreases because the RUBISCO activating enzyme Rubisco 
activase gets inactivated, which leads to a restrain of the carboxylation. To uphold the fixation of CO2 the photorespiratory pathways provide a substitute 
supply of 3-phosphoglycerate (3-PGA) [Brooks and Farquhar, 1985; Takahashi and Murata, 2008]. (III) The utilisation of NADPH is reduced because of 
the disrupted carbon fixation. This leads to a decline in the levels of NADP+ which is the key acceptor of electrons in PSI. Decline in the levels of NADP+ 
limits the electron transport to molecular oxygen [Takahashi and Murata, 2008].
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from PSI to molecular oxygen with a resulting genera-
tion of H2O2 via O2
- (Figure 1 and 2) [Takahashi and 
Murata, 2008]. Thus, the interruption of the photo-
synthetic fixation of CO2 accelerates the production of 
H2O2 [Takahashi and Murata, 2008]. H2O2 is usually 
produced by electrons from PSI, through the Mehler 
reaction in the chloroplast [Takahashi and Murata, 
2008]. If the Mehler reaction ineffectively scavenges 
all the obtainable H2O2 the residual H2O2 inhibits the 
synthesis of PSII proteins, especially the D1 protein 
of the PSII reaction centre [Takahashi and Murata, 
2008] which is the major target of oxidative damage in 
PSII [Warner et al. 1999; Aro et al., 2004]. 
Damage to PSII
PSII is disrupted during heat and light stress, [Aro et al. 
1993; Warner et al., 1999; Takahashi et al., 2004; Weis, 
2008], which is partly thought to be a consequence of 
the impairment of the electron transport and irrevers-
ible damage to the D1 protein in the reaction centre of 
PSII [Aro et al., 1993; Jones et al., 1998; Nishiyama 
et al., 2001]. The D1 protein functions together with 
other heterodimer proteins in PSII in performing the 
light utilization, water oxidation and electron transfer 
reactions to the plastoquinone [Melis, 1999]. Damage 
to PSII is inevitable, but it is only evident when the re-
pair mechanisms of PSII occur at slower rates than the 
photodamage [Aro et al., 2004; Takahashi and Mura-
ta, 2006]. The de novo synthesis of D1 protein is part of 
the repair system of PSII because it occurs at high rates 
[Warner et al. 1999; Nishiyama et al., 2001]. During 
heat stress, the translational processing steps of the de 
novo synthesis of D1 protein in the zooxanthellae are 
Figure 2: Damage to the photosynthetic apparatus of zooxanthellae in the coral tissue. The three marked places (I, II, III) illustrate where the primary 
impacts of elevated temperatures occur. (I): Damage to PSII and degradation of D1 protein, (II): Damage to the thylakoid membrane - it gets energetically 
uncoupled leading to a production of O2
- , (III): Damage to the Calvin cycle – the rate of electron flow gets limited leading to disruption of the CO2-fixation. 
O2 gets reduced in the Mehler reaction, thereby generating O2
- which gets detoxified by superoxide dismutase (SOD) and ascorbate peroxidase (APX) 
leading to the formation of H2O2, that can diffuse into the host cell and cause damage [Venn et al., 2008]
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suppressed [Takahashi et al., 2004; 2008] and this lack 
of functionality can ultimately lead to photoinhibition 
[Takahashi et al., 2004]. ROS - especially hydroxyl 
radicals - have been shown to induce damage to D1 
proteins at fast rates [Nishiyama et al., 2001; Lupínko-
vá and Komenda, 2004]. Results from an in vivo study 
by Warner and colleagues (1999) strongly suggest that 
heat stress induces PSII dysfunctionality and disrup-
tion of the repair mechanisms in zooxanthellae (Figure 
2). Warner and colleagues (1999) showed that there 
was a significant loss of D1 protein from zooxanthellae 
isolated from colonies of Montastrea annularis exposed 
to 31,5°C in a laboratory setting. They also discovered 
severe depletion and fragmentation of D1 protein in 
zooxanthellae isolated from the coral Montastrea frank-
si, sampled during natural bleaching events. 
Damage to the thylakoid membranes
During heat stress the viscosity of the thylakoid mem-
branes increases, thus making them energetically un-
coupled. However, PSII retain the ability to split water 
[Tchernov et al., 2004], which has the consequence that 
a part of the photosynthetically produced oxygen is re-
duced in the Mehler reaction [Tchernov et al., 2004; 
Weis, 2008]. The excess electrons reduce O2 instead of 
NADP+, and thereby replace their normal production 
of NADPH with the production of the highly reac-
tive oxygen species O2
- [Tchernov et al., 2004; Lesser, 
2006]. The electron flow through the NADP reductase 
is blocked, which causes two scenarios. Firstly, a higher 
electron flow through the Mehler reaction, which cre-
ates a build-up of electrons in the organism. Secondly, 
a charge separation in PSII exceeds the capacity of elec-
tron flow of the Mehler reaction [Jones et al., 1998].
The electrons build up in the photosystems, as the pho-
tosynthetic apparatus stops making ATP and NADPH, 
but continuously generates electrons (Figure 2) [Weis, 
2008]. After O2
- is produced, it becomes further re-
duced, creating the damaging but less reactive ROS 
H2O2. This reduction is conducted by SOD [Lesser, 
2006]. H2O2 can react with the ferrous ion Fe
2+ and 
form the hydroxyl radical OH·, which is the most reac-
tive ROS because it is able to damage cells in multiple 
ways, e.g. oxidation of lipid membranes and denatura-
tion of proteins and nucleic acids [Lesser, 2006]. Fur-
thermore, H2O2 can move across membranes into the 
coral tissue, because it is the most stable and diffusible 
ROS, where it can continue its damaging effects and 
thereby initiate bleaching [Lesser, 2006]. The oxygen 
produced in PSII reacts with the generated electrons 
from PSI, and thereby form ROS, which then oxidize 
the membrane lipids. This will cause the zooxanthellae 
defence mechanisms to crash and ultimately kill the 
zooxanthellae and damage the coral [Tchernov et al., 
2004].
NOS-activity and production of NO
NOS is a family of enzymes, which converts arginine, 
NADPH and O2 into nitric oxide (NO), citrulline and 
NADP+, respectively [Bredt and Snyder, 1989; Alder-
ton et al., 2001]. In an in vivo study Trapido-Rosenthal 
and colleagues (2001) demonstrated that zooxanthellae 
have a low activity of NOS under normal conditions, 
whereas zooxanthellae isolated from corals exposed 
to heat stress have a higher NOS activity [Trapido-
Rosenthal et al., 2005]. When corals, in symbiosis with 
zooxanthellae, are exposed to heat stress, they increase 
their production of NO significantly (Figure 3) [Perez 
and Weis, 2006]. Bouchard and Yamasaki (2008) have 
shown that NO production increases linear by increas-
ing temperature. NO is not only produced under stress 
conditions, but is also produced in the cells under nor-
mal circumstances [Ignarro, 2010]. NO is found as 
a gas within the cells and has many important roles 
during normal cell function e.g. acts as a signalling 
molecule and is involved in physiological and devel-
opmental functions [Bouchard and Yamasaki, 2008]. 
Thus, NO only gets toxic when the amount exceeds 
the quantity at which the organisms can cope with. 
There is disagreement whether NO is produced in 
the host or in the symbiont. In vivo studies by Perez 
and Weis (2006) showed that zooxanthellae, isolated 
from their host, did not produce any NO and neither 
did the aposymbiotic sea anemone Aiptasia pallida. 
These results led to the suggestion, that the NO pro-
duction was dependent on the symbiosis, and thus a 
host-regulated NO production by a NOS-like activ-
ity is present in the symbiotic cnidarian [Perez and 
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Weis, 2006]. On the contrary, recent studies show 
that isolated zooxanthellae do produce NO, but this 
production is dependent on the presence of nitrite or 
L-arginine, although L-arginine seems less important 
than nitrite [Bouchard and Yamasaki, 2008]. Both 
NOS and nitrate reductase (NR) may take part in the 
production of NO in zooxanthellae. Normally, NR 
functions as a catalyst when nitrate is reduced to nitrite 
[Bouchard and Yamasaki, 2008]. Nitrite reductase en-
zymes (NiR) reduce nitrite to ammonium, which re-
quires reducing counterparts produced by the photo-
synthetic electron transport chain [Crawford, 1995]. 
NO can cause damage to zooxanthellae alone, but 
also in combination with oxidative stress affecting 
the photosynthetic apparatus [Perez and Weis, 2006]. 
For instance, a reaction between NO and O2
- creating 
peroxynitrite (ONOO-), can lead to an inactivation 
of multiple steps in the mitochondrial electron trans-
port chain, which can increase the amount of ROS 
(Figure 3) [Ignarro, 2010]. NO production is known 
to increase threefold when ROS production increase 
[Perez and Weis, 2006], thus NO and ROS can in-
directly enhance each other in a negatively way. NO 
can also react with O2
- to create reactive nitrogen oxide 
species (RNOS). The cell membranes are the main site 
of the formation of RNOS [Trapido-Rosenthal et al., 
2005]. RNOS can have several deleterious effects, such 
as damage to proteins and DNA, irreversible inhibition 
of the mitochondrial respiration [James, 1995] and can 
cause nitrosation of glutathione and cysteine or nitra-
tion of tyrosine forming the stable and biologically 
active protein S-nitrosothilos [Trapido-Rosenthal et 
al., 2005]. Finally, increased NO production has been 
associated with a dysfunctional PSII in zooxanthellae 
during exposure to heat stress [Trapido-Rosenthal et 
al., 2005].
Salinity stressors 
The salinity level of the oceans is variable and change 
during different seasons, storms and heavy rainfall 
[Porter et al., 1999]. Coral bleaching and thereby en-
hanced mortality of corals is directly associated with 
hypo- and hyper-saline conditions [Celliers and Sch-
leyer, 2002]. The negative impact of hypo-salinity is 
characterized by pathologies e.g. alterations in the me-
tabolism of respiratory pathways. These alterations can 
in turn influence higher-order physiological diseases, 
e.g. gamete abnormalities and reduced viabilities, and 
also affect the fecundity of the corals significantly 
[Downs et al., 2009]. 
Corals are osmoconformers and therefore gain water 
from the surrounding environment when they are 
exposed to hypo-saline conditions. These hypotonic 
conditions can result in cellular fractions and dam-
age within the organelles, e.g. expansion in the sur-
face area of the chloroplast and nucleus [Maeda and 
Thompson, 1986; Downs et al., 2009]. The mitochon-
dria in particular have a very vulnerable structure to 
osmotic damage. The mitochondrial electron transport 
gets interrupted and thereby alters the NADH redox 
capacity and enhances an increase in ROS [Downs et 
al., 2009].   It has been demonstrated in an in vivo 
study by Downs and colleagues (2009) that Stylophora 
Figure 3: Model showing the cell signalling pathways in both host and 
symbionts, leading to bleaching. The damaged mitochondria (flash 1) gen-
erates O2
- that, together with H2O2 generated in the symbionts, triggers the 
activation of nuclear factor-kappaB (NF-кB), the innate immunity gate-
keeper transcription factor, which can lead directly to apoptosis (PCD). 
Furthermore NF-кB induces the production of inducible nitric oxide syn-
thase (iNOS) and thereby the formation of nitric oxide (NO). NO is also 
produced directly in the symbionts. It diffuses into the host cell, where 
it reacts with O2
- and forms peroxynitrite (ONOO-), which damages the 
mitochondria (flash 2). This releases the apoptosis inducing factor (AIF) 
that together with the activated p53 gene, activates caspases, the proteases 
responsible for carrying  out PCD, and thereby leads to apoptosis [Weis, 
2008].  
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pistillata responds to hypo-salinity on both the cellular 
and biochemical level. Gross morphological changes in 
the corals showed a number of negative consequences 
e.g. loss of zooxanthellae and tissue mortality. Changes 
in photosynthetic capacities and pathways of the sym-
bionts have been revealed and it has been found that 
hypo-salinity induces an oxidative stress response in 
both host and symbiont [Downs et al., 2009].  Fur-
thermore, Downs and colleagues (2009) established 
that there is a linear relationship between decreasing 
saline conditions and increasing burdens of oxidative 
stress. 
In vivo experimental work by Lirman and Manzello 
(2009) has showed that the immediate reaction of cor-
als exposed to salinity stress is polyp retraction and 
tissue paling. Long exposure results in an increase in 
respiration rate, thereby damaging the photosynthetic 
apparatus and may lead to bleaching and finally death 
of coral reefs. Corals exposed to sub-optimal salinity 
levels show a decrease in photosynthetic rate [Lirman 
and Manzello, 2009], whereas the changes in respira-
tion rate as a response to the changes in salinity is much 
more variable [Vernberg and Vernberg, 1972; Downs 
et al, 2009]. The negative impact on the photosynthetic 
rate in the holobiont is more severe under low than high 
salinity concentrations, but the photosynthetic recovery 
takes longer when the coral has been exposed to higher 
salinity concentration [Lirman and Manzello, 2009]. 
The negative impact on corals from salinity stress is of-
ten directly proportional to the magnitude or duration 
of the salinity changes [Muthiga and Szmant, 1987]. 
Indirect impacts on bleaching
The following processes are not directly related to 
bleaching, but interfere with the corals viability by 
making them more fragile and thereby more suscepti-
ble to the described environmental stressors.
Sediment burial
Sedimentation is regarded as a threat to coral reefs 
[Fabricius, 2005] given that light availability for photo-
synthesis is reduced during sediment burial of the cor-
als [Rogers, 1990]. Furthermore high rates of sedimen-
tation have shown to kill exposed coral tissue within 
few days [Riegl and Branch, 1995]. Even short term 
exposure to sediments, have shown to cause long-term 
damage to coral populations and delay reef recovery 
after a disturbance [Fabricius, 2005]. Increased sedi-
ment burial over a longer time period results in a polyp 
reaction, reduced photosynthesis and either increased 
or decreased respiration, reduction in growth rate and 
finally bleaching and increased tissue mortality [Roger, 
1990; Lirman and Manzello, 2009]. 
Calcification and acidification
The skeleton of reef building corals consist of arago-
nite, a metastable type of calcium carbonate (CaCO3) 
which is generated in the ocean through the reaction 
between carbonate (CO3
2-) and calcium (Ca2+) ions, a 
process known as calcification [Sheppard et al., 2009]. 
The calcification takes place in the calicoblastic epitel 
of the coral, where Ca2+ is exchanged with 2H+ by the 
use of energy (ATP). This process is catalysed by Ca2+-
ATPase, which increases pH, thus pushing the equilib-
rium between CO2/HCO3
-/CO3
2- towards the genera-
tion of CO3
2- and thereby making the precipitation of 
Ca2+ possible (Figure 3) [Pers. Comm. Hans Ramløv, 
RUC, 2010]. 
When the formation of the skeleton is conducted, the 
corals deposit their skeleton and thereby form reefs. 
The deposition is dependent on the carbonate satura-
tion state of the seawater; thus if the saturation is too 
low the CO3
2- stays in solution, and the formation of 
CaCO3 does not occur [Sheppard et al., 2009]. The 
saturation state is known as “the aragonite saturation 
state” and is described as:
Ω
arag
 = [Ca2+]*[CO
3
2-]/K
arag,
[Kleypas et al., 1999]
where Karag is the equilibrium constant for aragonite. 
The optimal value is Ωarag > 4 for reef building corals 
in the tropics, but they can maintain the calcification 
process with a value at Ωarag =3,5-4. The value of the 
aragonite saturation state is related to the amount of 
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calcification that occurs in the corals [Guinotte et al., 
2003].
Besides the importance of Ωarag, pH is also a limiting 
factor in the calcification process because the carbonate 
ions are reduced under exposure to acidic pH. When 
CO2 from the atmosphere enters the oceans, it reacts 
with the water and form carbonic acid (H2CO3), which 
dissociates and generates bicarbonate ions (HCO3
-) 
and protons. The process is counteracted in the water 
by a decrease in pH using some of the CO3
2- to form 
more bicarbonate, lowering the amount of available 
carbonate-ions in the water [Hoegh-Guldberg et al., 
2007; Kleypas and Langdon, 2006]. 
The chemical reactions during the processes described 
above are as follows: 
(1) CO
2
(g) ↔ CO
2
(aq)
(2) CO
2
(aq) + H
2
O ↔ H
2
CO
3
(3) H
2
CO
3
 ↔ H+ + HCO
3
-
(4)  HCO
3
- ↔ H+ + CO
3
2-
[Kleypas and Langdon, 2006]
All the reactions are reversible and all of the various 
carbon species occurs in the system at the same time. 
Thus, the increase of the amount of CO2 leads to a de-
crease in the CO3
2- concentration, and thereby reduces 
the rate of calcification in reef building corals [Hoegh-
Guldberg et al., 2007].
The reduction of the calcification rate influences the 
corals in different ways. The corals skeleton may be-
come more brittle due to the lack of carbonate-ions and 
reduced amounts of CaCO3. If this occurs, the corals 
will be more susceptible to storm damage and erosion, 
making the reefs more fragile and diminishing the 
complexity of the coral reefs [Hoegh-Guldberg, 2007].
Figure 4: Calcification process in corals. HCO3
- diffuses through the first cell layer and mesogloea, thus ending up in the calicoblastic layer. The Ca2+ dif-
fuses from the calicoblastic layer through the calicoblastic fluid, catalyzed by ATPase, increasing pH. The value of pH pushes the equilibrium between 
CO2/HCO3
-/CO3
2- towards CO3
2-. Ca2+ and CO3
- now react and form CaCO3. The generated CaCO3-skeleton deposits as aragonite and thereby forms reefs. 
[CoralScience, viewed 06.05.2010]
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Symbiodinium diversity induces different 
tolerances within the holobiont
The holobiont relation between cnidarian and Symbi-
odinium has been essential for the evolution of the reef 
building corals [Abrego et al., 2008; Hoegh-Guldberg, 
1999]. The ability of the holobiont to cope with heat 
stress is concurrent with the heat tolerance of its sym-
biotic zooxanthellae, and is therefore dependent on 
which type of clade the coral is associated with [Fab-
ricius et al., 2004]. The Symbiodinium is categorized 
in at least 8 divergent lineages or clades, ranging from 
A-H and these clades contain multiple molecular sub-
clades [Abrego et al., 2008].  The diversity within these 
subclades is a subsequently determining factor of how 
the corals respond to the surrounding environmental 
conditions [Stat et al., 2006]. Reefs located in differ-
ent oceans and over latitudinal and longitudinal scales 
have diversity in their Symbiodinium and have adapted 
a specific holobiont relation. Great genetic diversity of 
the Symbiodinium has been well documented in differ-
ent reefs, leading to the assumption that clades play an 
important part in coral bleaching [Abrego et al., 2008; 
Stat et al., 2006; Chavanich, 2009]. The literature is 
concentrating on the clades A-D and therefore these 
four clades will be described further.
The significance of clades for the irradiance  
tolerance of the holobiont
The ability of corals to deal with irradiance is depen-
dent on the type of clade present in the holobiont 
relation. It has been shown by in vivo studies that 
corals found in areas with high irradiance are often 
associated with clades A and B [Rowan et al., 1997; 
Stat et al., 2006]. This is consistent with the fact that 
both clade A and B are found in corals which inhab-
it shallow waters, with depths ranging from 0-3m, 
thus experience extensive risk of high irradiance. 
Clade C is mostly found in colonies inhabiting areas 
of low irradiance [Rowan et al., 1997] and is therefore 
found in deeper waters ranging from 6-40m [Rowan 
and Knowlton, 1995]. In areas where the irradiance is 
more intermediate, corals are associated with all three 
clades, A-C [Rowan et al., 1997].  Clade D is found 
in colonies inhabiting both inshore and offshore reefs, 
hence this clade can cope with both high and low ir-
radiance [Stat et al., 2006]. It seems as if clade D is 
substituting clade A and B in the shallow water reefs 
with high irradiance, because corals in these reefs have 
a greater amount of clade D symbionts after periods of 
exposure to environmental stressors (Figure 6) [Stat et 
al., 2006]. Clade D is also associated with corals that 
normally associate with clade B in the deeper waters 
[Stat et al., 2006]. The distributions of the different 
Intermediate
irradiance:
Clade:
A:
B:
C:
D:
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
Rowan et al., 1997 & Stat et al., 2006
Rowan et al., 1997 & Stat et al., 2006
Rowan et al., 1997
Stat et al., 2006
Waters
0-3m:
Waters
6-40m:
Low
irradiance:
High
irradiance:
Reference
Figure 5: The table illustrates in which environment the different clades are represented.
High irradiance:  A - C      D
High temperature:  A - C      D
Figure 6: The figure illustrates the shift that may occur in the diversity of 
the clades when the coral reefs are exposed to environmental stressors [Stat 
et al., 2006.]
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clades within the coral are dynamic and can therefore 
change if needed [Rowan et al., 1997].
Thermal tolerance within the clades
Corals with large amounts of clade D, have been shown 
to survive severe bleaching events, which have lead to 
the assumption that clade D is more tolerant to both 
heat and light [Fabricius et al., 2004; Chavanich, 2009]. 
However, it is not completely established whether clade 
D is the most tolerant to heat stress in comparison with 
other clades. In vivo studies by Abrego and colleagues 
(2008) showed that the thermal tolerance of juvenile 
corals, which are normally associated with clade C and 
D, is higher when associated with clade C than with 
clade D. When a coral is associated with clade D the 
holobiont uses more energy, upholding different repair 
processes due to heat stress induced instabilities. This 
leads to a lower rate of photosynthesis, more exact in 
the Calvin cycle, where the carbon fixation is reduced 
[Abrego et al., 2008]. The energy used for maintenance 
and repair is evidently going to affect other physiologi-
cal parts of the holobiont e.g. growth and reproduction 
[Abrego et al., 2008]. The reason why heat tolerance 
differs within different clades can be explained by in-
teractions between the host and symbiont. These host 
factors can induce changes in the physiology of the 
holobionts [Abrego et al., 2008]. Furthermore, a host 
or symbiont response to a signal transmitted from the 
other e.g. protective enzymes, may differ depending on 
which clade the coral is associated with [Abrego et al., 
2008]. 
Discussion
Coral bleaching is not an idle threat, it possesses a 
genuine threat to the coral reefs as they are known to-
day [Lesser, 1996; Hoegh-Guldberg et al., 1999; Cel-
liers and Schleyer, 2002; Dunn et al., 2004; Abrego 
et al., 2008] The ecological niches of coral reefs are 
influenced by their resistance and resilience to envi-
ronmental stressors and changes [Gardner et al., 2003; 
Lirman and Manzello, 2009]. It has become clear, that 
coral bleaching is a complex phenomenon, induced by 
several types of cellular damages within corals. How-
ever, the literature has shown that the most significant 
stressors are elevated temperatures and irradiance, and 
that these two combined are the main catalysts regard-
ing massive bleaching [Brown, 1997]. Since corals live 
close to their upper thermal limit [Jokiel and Cole, 
1990; Brown, 1997] the damaging effect of heat stress 
will increase in the light of global warming. 
The consequences of ROS formation
It is documented that many of the cellular events caus-
ing damage to the holobiont have been induced either 
directly or indirectly by oxidative stress through the 
formation of ROS. Studies have shown that formation 
of ROS occurs in both host [Dykens et al., 1992; Nii 
and Muscatine, 1997] and symbionts [Lesser, 1996; 
2006; Lesser and Farrell 2004]. The events leading to 
the formation of ROS in the zooxanthellae are well 
understood; the photosynthetic apparatus being the 
main site: Energetic uncoupling of the thylakoid mem-
branes, disruption of the Calvin cycle, degradation of 
D1 protein and generation of O2
- in the Mehler re-
action. However, the photosynthetic apparatus is not 
the only site within the zooxanthellae where ROS are 
formed. Increased amounts of NO lead to an enhance-
ment of the formation of ROS and vice versa, mak-
ing these two substances an unfortunate combination 
within the cell [Perez and Weis, 2006]. The hydroxyl 
radical OH• has been found in the apozooxanthellate 
cnidarian A. elegantissima when exposed to illumina-
tion [Dykens et al., 1992] and other studies have found 
antioxidant defence mechanisms in the cnidarian Ane-
monia viridis, which have led to the suggestion that 
formation of ROS may occur in the host as well [Merle 
et al., 2007]. However, the pathways leading to the 
formation of ROS in the host are not nearly as well 
understood as those in the zooxanthellae and therefore 
needs to be further studied. Although the formation 
of ROS occurs to a much greater extent in the zoox-
anthellae than it does in the host, it does not only af-
fect the zooxanthellae, and hence ROS are able to dif-
fuse into the host. This ability to diffuse into the host 
could be a contributing reason why hosts have evolved 
antioxidant defence mechanisms. In the light of the 
comprehensive formation of ROS in the holobiont, it 
must be legitimate to conclude that increased amounts 
of ROS are a key reason to bleaching. 
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The literature has shown that most of the photosyn-
thetic events, associated with bleaching, affects the D1 
protein of PSII in a negative way [Jones et al., 1998; 
Warner et al. 1999; Aro et al., 2004; Trapido-Rosenthal 
et al., 2005; Takahashi and Murata, 2008]. A dysfunc-
tional PSII can lead to photoinhibition [Aro et al., 
2004; Lesser, 2006; Takahashi and Murata, 2006], 
thus decreasing the amount of organic compounds 
produced by the photosynthetic apparatus of the zoox-
anthellae. Since the host benefits from the symbiosis by 
taking up 95% of the photosynthetic products [Shep-
pard et al., 2009], the damage to D1 has widespread 
consequences for the holobiont. 
The importance of PCD and necrosis
PCD and necrosis have been found to be important 
pathways leading to bleaching. However, it seems as if 
both events are mostly occurring in the zooxanthellae, 
since they are seen to a greater extent in the endodermic 
cells of the host, where the zooxanthellae are found. 
PCD and necrosis are mechanisms which give corals 
the possibility to eject dysfunctional zooxanthellae if 
needed [Kültz, 2003; Dunn et al., 2004], or a way for 
the zooxanthellae to initiate suicide if they are dysfunc-
tional, thereby protecting their host [Huettenbrenner 
et al., 2003]. This indicates that PCD is either a pro-
tective host response or a protective symbiont response, 
creating a possibility for the coral to find other more 
suitable symbionts, which are able to uphold the corals 
vital needs e.g. photosynthetically produced organic 
compounds. It has been shown that increased amounts 
of ROS can trigger PCD [Dunn et al., 2004], which 
could substantiate that PCD is a symbiont response; 
ROS are formed in much larger extent within the 
zooxanthellae than in the host; PCD may therefore be 
initiated when the amount of ROS gets critical within 
the zooxanthellae and thereby becomes a threat to the 
host.
The importance of salinity changes
It has been confirmed that both hypo and hyper saline 
conditions have an impact on the fitness of corals [Cel-
liers Schleyer, 2002], but there is a noticeable variation 
in the extent of the damage [Lirman and Manzello, 
2009]. It is therefore of great interest which saline con-
ditions will be dominant in the future. During periods 
of monsoon the salinity concentrations decrease due 
to dilution of the oceans, and hence coral reefs may 
experience extensive bleaching [Downs et al., 2009; 
Lirman and Manzello, 2009]. Another scenario could 
be an increase in salinity concentrations due to evapo-
ration caused by high temperatures. This could ulti-
mately lead to bleaching, but not in the same extent 
as in the case of hypo salinity. However, corals sus-
tain damage with much more long-term consequences 
when exposed to hyper salinity [Lirman and Manzello, 
2009].
Effects of indirect stressors
In addition to the already discussed direct causes re-
sulting in coral bleaching there is a number of indirect 
causes leading to bleaching. A perilous decline in the 
general fitness of the holobionts and the coral reefs as 
a whole will make them more vulnerable to the dam-
aging effects of different environmental stressors. For 
instance, sedimentation is regarded as an increasing 
threat to coral reefs due to the global changes which 
lead to an increase in severe storms and typhoons and 
thereby an increase in sedimentation [Fabricius, 2005]. 
Sedimentation reduces the amount of available light 
for photosynthesis [Rogers, 1990], and may cause long-
term damage to coral populations [Fabricius, 2005]. 
Furthermore, the progressing global changes result in 
an increased concentration of CO2 in the atmosphere, 
resulting in an acidification of the oceans. The calci-
fication of the coral skeletons is thereby interrupted, 
since an increase in the amount of CO2 leads towards 
a decrease in the CO3
2- concentration, thereby mak-
ing the precipitation of Ca2+ impossible.  Acidifica-
tion of the oceans and increased sedimentation both 
contribute to a more fragile holobiont, making other 
environmental stressors more perilous and in that way 
indirectly lead to bleaching.
Importance of experimental methods
Since coral bleaching is initiated by many differ-
ent environmental stressors and is induced by several 
types of cellular events within the holobiont, mul-
cam_opg_03.indd   13 30/05/10   12.50
14p. Coral bleaching (2010)
tiple methods are used when studying coral bleach-
ing. Given the complexity of the phenomenon and 
the great number of research methods used, it is 
of great importance that one look upon the spe-
cific methods in a critical manner. The results found 
in one study must be substantiated by other studies 
and preferably by studies using other methods, since 
all methods have their strengths and weaknesses. 
When using in vivo studies, it is often one specific 
stressor that is being tested e.g. irradiance or elevated 
temperature [Lesser, 1996; Nii and Muscatine, 1997; 
Warner et al., 1999; Lirman and Manzello, 2008; 
Takahashi and Murata 2008]. The results gathered 
from such studies, only provide an insight of the cel-
lular events associated with that specific stressor alone; 
thus the possibility of synergy is not taking into ac-
count. A way to implement the synergy and thereby 
broaden the knowledge about coral bleaching is to use 
results from in situ studies combined with in vivo work 
[Trapido-Rosenthal et al., 2005]. Nonetheless, some 
studies concentrate on corals collected from bleached 
reefs, and in that way may include the synergy when 
multiple environmental stressors have influenced the 
corals at the same time [Abrego et al., 2008; Lesser and 
Farrell, 2004]. However, the results from such studies 
and in situ studies are often not as accurate, because 
of the fact that it is difficult to know exactly which 
combination of stressors that have induced the differ-
ent cellular events found in the sampled corals. This 
is coherent with the tendency that the predominant 
method is in vivo work [Lesser, 1996; Nii and Musca-
tine, 1997; Warner et al., 1999; Perez and Weis, 2006; 
Lirman and Manzello, 2008; Takahashi and Murata 
2008; Downs et al., 2009], which may enable the sci-
entist to control the precise amount of stress the corals 
are exposed to during the experiment. Even though it 
may create a less versatile picture than one would have 
liked, in vivo work might make it easier to create a di-
rect causal linkage between a specific environmental 
stressor and specific cellular events.
Apart from the fact that the knowledge about coral 
bleaching is based upon different types of experiments, 
it is also based upon studies of different species. There 
seems to be a tendency to study specific bleached reefs 
and the state of their coral inhabitants, thereby creat-
ing a lot of knowledge concerning one specific species 
[Lesser, 1996; Nii and Muscatine, 1997; Downs et al., 
2009].  When knowledge is built on the use of one spe-
cific species, there must be reservations when part of 
this knowledge is applied to other species. For instance, 
A. pallida is known to be much more robust and easy 
to keep in a laboratory than most corals and is there-
fore used in many studies. The fact that sea anemones 
e.g. A. pallida and corals differ so much in their overall 
robustness [Pers. comm. Hans Ramløv, 2010], lead to 
the suggestion that they also differ at other crucial sites 
within their cells, making it problematic that they are 
regarded as equals, as seen in studies by Nii and Mus-
catine (1997), Lesser and Farrell (2004) and Merle and 
colleagues (2007). Of course, some theories have been 
confirmed by many different studies of both corals and 
sea anemones, and it may therefore be legitimate to say 
that these theories apply to both, although there may 
be exceptions which can be taken into account when 
discovered.
The fate of coral reefs
Corals may adapt to the warming oceans by changing 
their symbiotic partners to new and more heat-tolerant 
types, thus forming a novel holobiont relation [Abre-
go et al., 2008]. The discovery of the diversity within 
clades creates new possibilities regarding the role of the 
Symbiodinium in the corals tolerance of different envi-
ronmental stressors; hence the specific genetic identity 
of the Symbiodinium may be of outmost importance to 
how resistant the corals are to bleaching [Abrego et al., 
2008; Fabricius et al., 2004].  
The holobiont relation differs; one species of coral can 
have either several different clades or contain only one 
specific type [Chavanich, 2009]. Within the host a 
heterogeneous population of symbionts might be an 
advantage under rapid changes in the surrounding en-
vironment. However, it could also be a disadvantage 
at times due to the competition for nutrients, which 
might lead to a deficient fitness of the host [Douglas, 
1998]. The flexibility of the holobiont relation is deter-
mined by how large a proportion of corals in a reef is 
able to enter into an association with a specific Sym-
biodinium suited for the given environmental circum-
cam_opg_03.indd   14 30/05/10   12.50
15p.Coral bleaching (2010)
stances affecting the corals habitat [Fabricius et al., 
2004].  For instance, clade D is found in areas with 
elevated temperature and irradiance, which has led to 
the suggestion that this specific clade has the ability 
to grow under rougher conditions [Stat et al., 2006]. 
As sea surface temperatures continue to increase on a 
global scale, a shift from less stress tolerant clades to 
more resistant ones could be a possibility for the corals 
[Fabricius et al., 2004].  Such a shift would lead to less 
diversity of the clades but represent a way of adapting 
to a changing environment, and might thereby reduce 
the rate of damage inducing bleaching [Fabricius et al., 
2004]. If this were to happen, corals from low irradi-
ance areas would be more resistant to increasing tem-
peratures, hence be capable to cope with the environ-
mental conditions in bleaching exposed reefs e.g. high 
irradiance areas [Fabricius et al., 2004].  It is there-
fore a possibility that the Symbiodinium has evolved in 
such a way that each clade is more resistant to specific 
types of environmental conditions [Stat et al., 2006]. 
However, even the most heat resistant clades will ex-
ceed their upper thermal limit within 5O years if glo-
bal temperatures increase as predicted, which is about 
2-4,5°C in the next decade [Houghton et al., 2001]. 
Consequently an increase in the incidences of coral 
bleaching will presumably be a reality. Thus a decrease 
in the growth and reproduction leading to an increase 
in mortality rates for the corals and the coral reefs is a 
reality [Glynn et al., 1991]. 
Summary
l Different environmental stressors with elevated 
temperatures and increased irradiance being the 
main catalysts induce coral bleaching. 
l The formation of ROS is seen to induce both 
direct  and indirect damage within both host and 
symbionts.
 m Direct damage within zooxanthellae is mainly 
 focused in the photosynthetic apparatus where  
 ROS are produced in the Calvin cycle, in the  
 Mehler reaction and in the thylakoid mem 
 branes. In PSII the main target of oxidative  
 stress is the D1 protein.
 m Studies have shown production of OH· and 
 antioxidant defences in cnidarians, suggesting  
 an ROS production in the host as well. 
 m Elevated temperatures have shown to increase 
 production of NO. Increased amounts of NO  
 can cause damage to zooxanthellae. ROS  
 induce indirect damage to the symbiont since  
 NO production is known to increase when  
 ROS production increases. 
l PCD and necrosis in both host and symbionts 
have been found to be important pathways leading 
to bleaching and ROS have been shown to trigger 
PCD.
l Changes in salinity concentrations might induce 
coral bleaching.
l Coral bleaching may be induced indirectly by 
increased sedimentation and acidification of the 
oceans. These two stressors might affect the holo-
biont negatively, causing a decline in the general 
fitness of the holobiont.
l The specific genetic composition of the zooxanthel-
lae is important for stress tolerance within coral 
reefs
 m Clade D is found to be more resistant to 
 environmental stressors
 m A shift from less tolerant clades to more 
 resistant ones might be a way for corals to adapt 
 to the changing environment. This will affect  
 coral reef diversity in the future. 
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